The factors controlling the transfection efficiency of cationic transfection efficiency was dependent on both DOTMA to lipid carrier systems following intravenous administration DNA, and DOTMA to Tween 80 ratios. Among the organs are poorly understood. Using N-[1-(2,3-dioleoyloxy)propyl]-examined, the lung appeared to be more transfectable than N,N,N-trimethylammonium chloride (DOTMA) combined other organs. A better transfection activity was obtained with Tween 80 as a carrier system and cDNA of luciferase with higher DOTMA to DNA and DOTMA to Tween 80 or ␤-galactosidase gene as a reporter, we investigated the ratios. Time-response curve shows that gene expression importance of DOTMA to DNA ratio and the ratio of was transient with a maximal level between 10 and 24 h DOTMA to Tween 80 in the lipid formulation in determining after injection. Results from tissue distribution studies with the site and level of transgene expression following intra-125 I-labeled plasmid DNA and Southern analysis suggest venous administration. The data show that all of the that the transient expression is the result of the loss of internal organs, including lung, liver, spleen, heart and kidtransgene from the transfected cells. These results suggest neys, expressed the transgene upon systemic administhat cationic lipid-based delivery systems can be efficient tration into animals with 25 g of plasmid DNA when comfor gene delivery if the composition of the DNA-lipid complexed with DOTMA-Tween 80 lipid formulation. The plexes is properly controlled.
Introduction
developed new types of lipid formulations in which Cationic lipid-based delivery systems have been studied dioleoylphosphatidylethanolamine, a commonly used as one of the alternatives for delivering genes to target helper lipid in cationic liposomes, is replaced by the noncells for gene therapy. A large number of cationic lipids ionic surfactants such as mono-oleate polyoxyethylene have been synthesized since the initial report in 1987, [1] [2] [3] [4] [5] [6] [7] [8] (Tween 80). 17, 18 As a result, we demonstrated that the demonstrating that these cationic lipid systems are fairly aggregation problem of DNA-lipid complexes and the efficient in facilitating the transfer of DNA, [1] [2] [3] [4] [5] [6] [7] [8] RNA 9 and problem of serum-mediated transfection inhibition can be proteins 10, 11 into cells. In fact, several cationic lipid-based solved by controlling the ratios of cationic lipid to Tween transfection reagents have become commercially avail-80 or to other lipid components in the formulation. The able, 12 some of which have been used in clinical trials for transfection activity of the new lipid formulation is equithe treatment of cancer 13, 14 and cystic fibrosis. 15, 16 valent to or better than the conventional cationic lipoDespite their availability, wide use in preclinical or some composition when tested in cell culture. clinical experiments in the laboratory, and extensive tests
In this article, we demonstrate that our new lipid forfor their transfection activities in the cell culture system, mulations are also effective in transfecting cells in vivo by only a limited number of reports has appeared in the systemic administration. The transfection activity of lipid literature concerning the transfection activity of these formulation composed of DOTMA and Tween 80 was lipid formulations in vivo through systemic adminisdependent on cationic lipid to DNA ratio and the concentration. One of the major reasons may be due to the fact tration of Tween 80 in the lipid formulation. Although that cationic liposomes upon mixing with DNA form all the internal organs examined including the lung, large DNA-liposome aggregates under conditions where heart, liver, spleen and kidney exhibited transgene an optimal transfection activity can be obtained. Furtherexpression, the highest level was found in the lung. A more, it has also been observed that cationic liposomes tissue distribution study using 
Results
Transfection activity of DNA-lipid complexes is dependent on cationic lipid to DNA ratio To evaluate the effect of cationic lipid to DNA ratio on the transfection efficiency in vivo, 25 g of plasmid DNA containing firefly luciferase cDNA driven by cytomegalovirus (CMV) promoter were complexed with different amounts of lipid formulations and administered intravenously into CD 1 mice via tail vein. Two days after injection, luciferase activity in different organs was analyzed. As shown in Figure 1 , luciferase activity was detected in all organs examined including the lung, spleen, heart, liver and kidney. It increased with increasing DOTMA to DNA ratio. The lung exhibited the highest luciferase activity among the organs tested, with an approximate 10 6 RLU/mg of extracted proteins at DOTMA to DNA ratio of 48:1 (nmol:g). Luciferase activity with the same DOTMA to DNA ratio (48:1) in the spleen and heart appeared approximately 100-fold lower than that detected in the lung, but about 10-fold higher Although a higher level of gene expression was obtained at a DOTMA to DNA ratio of 48:1 (nmol:g), a dose obtained in the lung. An approximate 1000-fold increase greater than 25 g pCMV-Luc plasmid per mouse with in luciferase activity was observed in the lung with a this lipid to DNA ratio appeared to be toxic to animals, four-fold increase of the injected DNA dose (25-100 g which sometimes died between 4 and 36 h after injection.
per mouse). However, much less increase in luciferase Therefore, the dose-response curve was obtained by activity in other organs was seen within the same dose injecting different amounts of plasmid DNA at a lower range. DOTMA to DNA ratio (DOTMA:DNA = 12:1, nmol:g). It is apparent from Figure 2 that luciferase activity in all Effect of DOTMA to Tween 80 ratio in the lipid organs was increased with an increase in the injected formulation on the level of gene expression dose. The highest increase in luciferase activity was
The effect of Tween 80 content in the lipid formulation on the transfection activity was also examined. In these experiments, the DOTMA to DNA ratio was kept at 48:1 (nmol:g) while the DOTMA to Tween 80 ratio in the formulation was varied. It is evident from Figure 3 that the ratio of DOTMA to Tween 80 in the lipid formulations has a significant effect on their transfection activity. In all organs examined, formulations with higher DOTMA to Tween 80 ratio showed higher transfection activity.
Time-dependent gene expression
The level of gene expression as a function of time was examined. As shown in Figure 4 , as early as 2 h after injection of DNA-lipid complexes into animals, a significant level of luciferase activity was detected in different organs. The level of luciferase activity reached maximal level between 10 to 24 h, followed by a fast decrease thereafter. Seventy-two hours after injection, the luciferase activity dropped to less than 10% of peak level. Similar patterns were observed in all organs examined.
Histochemical analysis of gene expression in the lung It is also worth noting that the total recovery from the organs examined varied significantly. Compared with that the lung expressed much higher luciferase activity on the basis of per milligram of extracted protein. To free DNA, the total recovery was much higher for DNA complexed with the cationic lipid formulation. Formuexamine the relationship between the level of gene expression and the level of DNA uptake, we examined lations with higher DOTMA to DNA and DOTMA to Tween 80 ratios resulted in a higher recovery. Taking the the tissue distribution of DNA using 125 I-labeled plasmid DNA as a marker. The level of DNA uptake by each 2 h time-point as an example, the total recovery for DNA at the DOTMA to DNA ratio of 48:1 was 58% compared organ upon intravenous injection was analyzed as a function of time. As shown in Table 1 , for free plasmid DNA, with 28% at the ratio of 6:1. The total recovery dropped from 68% to 22% when the DOTMA to Tween 80 ratio there was about an equal amount (14% of injected dose) of radioactivity found in the blood and liver 15 min after decreased from 6:1 to 6:6. To establish the correlation between the levels of gene injection. However, the tissue distribution pattern at the same time-point was different when DNA-lipid comexpression and the amount of transgene in a specific organ, Southern analysis was performed. In these experiplexes were injected. The organs that took up the major portion of injected DNA was the lung, followed by the ments, animals were killed at 4, 12, 24, 48, 72, 120 and 168 h after DNA-lipid complexes were injected. DNA extract liver. Increasing Tween 80 concentration in the lipid formulation decreased the DNA uptake by the lung. For from the lungs was prepared and the relative level of transgene in each sample was analyzed using 32 P-labeled example, there was about 80% injected dose in the lung when the DOTMA to Tween 80 ratio was 6:1 compared full length luciferase gene as a probe. As shown in Figure  6 the amount of luciferase gene detected in the lung with 25% in the same organ when the ratio increased to 6:6. Interestingly, there was no major difference at this decreased with time. Five days after injection, the level of luciferase gene in the lung was below the detectable early time-point for the level of DNA uptake by the lung and the liver when the ratio of DOTMA to DNA was level under our experimental conditions. increased from 6:1 to 48:1 with an approximate 40% of injected dose accumulated in the lung and 25-30% in the Discussion liver 15 min after the injection. Table 1 also shows that the dissociation of the bound The main purposes of this study were:
(1) to demonstrate the transfection efficiency of our newly developed lipid DNA from the lung is a function of the ratios of DOTMA to DNA and DOTMA to Tween 80. With high DOTMA formulation in vivo; (2) to identify the factors involved in determining the transfection activity; and (3) to characto DNA ratio, the dissociation rate was much lower than that with lower DOTMA to DNA ratio. For example, 15 terize the pattern of transgene expression. It is evident from data presented in Figures 1-5 , using both luciferase min after injection, there was about an equal amount of DNA taken up by the lung (43%) and the liver (25-30%) and ␤-galactosidase gene as a reporter, that the lipid formulation composed of DOTMA and Tween 80 is active for both DOTMA to DNA ratios (6:1 and 48:1). However, the actual amount detected at the 2 h time-point with the in transfecting cells in vivo by a systemic administration. We also demonstrated that cationic lipid to DNA ratio as DOTMA to DNA ratio of 48:1 was 17.9%, compared to 2.8% for a ratio of 6:1. The same conclusion can be well as the ratio of DOTMA to Tween 80 are two important factors that directly affect the transfection reached for the effect of DOTMA to Tween 80 ratio. degradation, is much higher for formulations with a higher positive to negative charge ratio. These results would suggest that excess cationic lipid may be essential for protecting the transgene from degradation. The experiments designed to address these and other possibilities are currently under investigation in our laboratory. We showed that the content of the helper lipid in the formulation was also an important determinant for transfection activity. The choice of Tween 80 as a helper lipid for our formulation is based on our recent observation that inclusion of non-ionic, polyethylene oxide-based surfactants, into cationic lipid formulation can prevent the formation of large DNA-lipid complexes that tend to precipitate out from the solution within a short period of time. 17, 18 Among many surfactants tested so far, Tween 80 was found to be the best in preventing the formation of large DNA-lipid complexes and serum-induced inhibition of transfection activity. 18 However, as shown in Figure 3 , an excess amount of Tween 80 in the lipid formulation has an inhibitory effect in vivo. We speculate that such inhibitory activity of the Tween 80 is related to the molecular structure of the hydrophilic head group of Tween 80. There are four branched polyethylene oxide chains on each Tween 80 molecule. These branched hydrophilic polyethylene oxide units may form a steric barrier and inhibit the binding of the positively charged DNA-cationic lipid complexes to the target cells. ment with the data summarized in Table 1 . Cationic lipids have been used successfully to deliver We showed that such transient expression, as demonstrated in our tissue distribution studies (Table 1) using a variety of genes into cells both in vitro and in vivo. However, delivery efficiency of these lipid systems 125 I-labeled DNA and Southern analysis (Figure 6 ), was caused by the loss of transgene from the organs initially reported varied significantly depending on the structure of cationic lipids, the choice of helper lipids included, the transfected. It is possible that the loss of gene expression in the organs examined is due to the loss of the translipid to DNA ratio and the conditions under which the experiments were performed. From this study, it is evifected cells. It is more likely, however, as demonstrated by the appearance of multiple bands (smear) with smaller dent that high cationic lipid to DNA ratio is essential to achieve better gene delivery efficiency in vivo. One of the molecular weight in our Southern analysis, that the transgene is degraded in the organ. Clearly, investigation into possibilities that account for such a requirement in comparison to the in vitro condition is that an excess amount the mechanism of transgene degradation is needed in order to develop an appropriate strategy to regulate the of positive charges are necessary to inhibit the neutralization effect of blood components. Another possibility level and duration of transgene expression. While it is evident that increase of cationic lipid to relates to the data summarized in Table 1 where we demonstrate that the total recovery, as an indicator of DNA DNA ratio results in a higher level of gene expression in all organs examined, the level of gene expression in the for all preparations used in this study. The DNA-lipid mixture was kept on ice for 30 min before being adminislung appears to be at least 100-fold higher than those obtained in other organs on the basis of total enzyme tered to the animals. The average diameter of lipid particles was measured by light scattering using a submicron activity per milligram of extracted proteins. This result can be best explained by a higher level of gene accumuparticle analyzer (Particle Sizing Systems, Santa Barbara, CA, USA) and was between 100 and 200 nm and 200-lation in the lung (Table 1) . This effect may relate in part to the fact that excess positive charges in the DNA com-400 nm before and after complexing with DNA, respectively. The injected volume was 200 l per mouse. plexes can bind to the lung more efficiently. The slower decrease of the amount of DNA in the lung at a high Luciferase activity assay charge ratio may also contribute to the high level of gene Luciferase activity was assayed using a kit purchased expression. Therefore, efficient gene transfer requires not from Promega (Madison, WI, USA) using a luminometer only a high level of gene targeting to the cells but also (Autolumat LB953, EG & G, Berthhold, Germany). Differlonger retention time after the binding. It is worth noting ent organs were dissected from animals killed at approthat even though a similar level of DNA accumulation priate time-points after i.v. injection of 25 g plasmid was achieved in the liver, the gene product detected in DNA via tail vein. Lysis buffer (0.1 m Tris-HCl, 2 mm this organ was significantly lower than that obtained in EDTA and 0.1% Triton X-100, pH 7.8) was added at a the lung. This would indicate that although cells in differvolume to weight ratio of 4 l/mg of the collected organs ent organs are transfectable with a given lipid formuexcept for liver to which 5 l of lysis buffer per milligram lation, the transfection efficiency of each formulation may of liver was used. Each organ was homogenized for 15-depend on the specific cell types in different tissues.
20 s with the Tissue Tearor (approximately 20 000 r.p.m.) In summary, we demonstrated in this study that a high to make tissue homogenate, followed by three cycles of level of gene expression can be achieved after a single freezing-thawing (liquid nitrogen −37°C). After centriintravenous injection of DNA. The transfection efficiency fugation in a microcentrifuge for 10 min at 12 000 g at is dependent on both cationic lipid to DNA ratio and the 4°C, 10 l (containing about 200 g total protein) aliquot lipid composition. The fact that such a high-level gene of the supernatant was taken for luciferase activity assay. expression can be achieved may provide an opportunity Protein concentration of each extract was determined to study the mechanisms by which the transgene using a Bradford reagent (BioRad, Melville, NY, USA). expression is regulated and to develop further improved Luciferase activity in each sample was normalized to the systems for gene transfer.
relative light unit per milligram of extracted protein.
Iodination of plasmid DNA

Materials and methods
Iodination of plasmid DNA was performed as described previously. 22 In brief, 0.2 mCi carrier-free Na 125 I (5 l) Plasmids mixed with 10 l acidifying solution (0.075 n HNO 3 , 42 pCMV-Luc containing firefly luciferase cDNA driven by mm sodium acetate, pH 4.7) were added to 22 l of TE the CMV promoter, and a similar construct containing buffer containing 20 g of plasmid DNA. The mixture the ␤-galactosidase gene were constructed in the laborawas incubated at 60°C for 30 min after the addition of tory of Dr Leaf Huang. Plasmid DNA was purified by Ti (III) ion (final concentration, 0.27 mm). Two hundred the method of CsCl-ethidium bromide gradient centrifugmicroliters of TNE buffer (50 mm Tris-HCl, 0.1 m NaCl, ation 21 and kept in TE buffer, pH 8.0. The purity of the 1 mm EDTA, pH 7.5) were added and the mixture was plasmids was determined by absorbency at 260 and 280 incubated for an additional 30 min. The reaction mixture, nm and 1% agarose gel electrophoresis.
after cooling down on ice, was loaded on to a pre-equilibrated Bio-gel P30 (BioRad) spin column with TE buffer Other reagents to remove free 
Tissue distribution Preparation of DNA-lipid complexes
To each mouse, 25 g of total plasmid DNA (24 g unlabLipid formulation was prepared as described preeled plus 1 g 125 I-labeled) in 200 l with or without comviously. 17 An appropriate amount of DOTMA was mixed plexing to lipid formulation was injected via the tail vein. with Tween 80 in chloroform at the desired ratio. The Animals were killed at the appropriate time and the organic solvent was evaporated under a stream of N 2 gas amount of radioactivity in each organ was measured followed by vacuum desiccation for a minimum of 2 h. using a Gamma counter. The radioactivity in the blood The dried lipid films were then hydrated in PBS (pH 7.4) was estimated by an assumption that the total blood in at a DOTMA concentration of 10 mg/ml. Lipid suspenmouse equals 7.3% of total body weight. 23 The blood consion was homogenized for 2-3 min using a Tissue Tearor tamination in each organ was corrected using a pre-(Biospec Products, Racine, WI, USA) at the maximal viously described method. 24 Results were expressed as a speed (20 000 r.p.m.). To prepare DNA-lipid complexes, percentage of the total injected dose per organ. plasmid DNA was first diluted with PBS (pH 7.4) and lipid formulation was directly added (dropwise) to the Histochemistry of ␤-galactosidase activity Twenty-four hours after injection of plasmid DNA DNA solution with vortexing. The final concentration of plasmid DNA in the mixture was kept at 0.125 mg/ml (pCMV-lacZ)-lipid complexes (DOTMA:DNA = 48:1,
